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Coherent dark states in atoms, created by simultaneous interaction of two coherent light fields with
a 3-level system, are of prime importance in quantum state manipulation. They are used extensively
in quantum sensing and quantum information applications to build atomic clocks, magnetometers,
atomic interferometers and more. Here we study the formation and decay of coherent dark-states
in an ensemble of laser-cooled free-falling atoms. We measure the optical-pumping rate into the
dark-state in the σ+ − σ− polarization configuration. We find that the pumping rate is linear
with the optical field intensity, but about an order-of-magnitude slower than the rate predicted
by the commonly used, but simplistic, three-level analytic formula. Using a numerical model we
demonstrate that this discrepancy is due to the multi-level Zeeman manifold. Taking into account
the slower pumping rate we explain quantitatively the relation between the light-shift and the
duration of pumping into dark-state in Ramsey spectroscopy. We also measure the decay of the
dark-state coherence and find that in our apparatus it is dominated by the mechanical motion of
the atoms out of the probing region, while the atomic decoherence is negligible.
PACS numbers: 42.65.-k, 42.25.Bs
I. INTRODUCTION
Coherent population trapping (CPT) [1] occurs when
two resonant light fields interact coherently with a
three-level atom, generating a coherent superposition of
the ground-state sub-levels (dark state), uncoupled from
the light-fields. This phenomenon exhibits ultra-narrow
transmission resonances with low peak absorption and
enables numerous applications including slow light
propagation [2], storage of light in atoms [3], miniature
microwave atomic clocks [4–6], atom interferometers
[7] and even unique laser cooling techniques [8]. In
many cases the performance of these measurements is
limited by the optical pumping rate and the decay rate
of the dark-state superpositions created in the atoms.
Therefore it is of prime importance to understand these
rates and the physical processes that control them.
In this study, we use a cold-atom apparatus and measure
the pumping and decay rates of dark-states, as well
as the associated light shifts, within the ground-state
hyperfine levels of 87Rb. By employing both time-
domain and spectroscopic measurements, the underlying
processes of the dark-state decay are identified. These
measurements were performed on free-falling atoms in
vacuum, nearly free from interactions with background
gases and other rubidium atoms, which allows a sim-
ple comparison to analytical expressions and detailed
comparison between decay rates and the CPT line-width.
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II. EXPERIMENTAL SETUP AND METHODS
We measure the dark-state pumping and decay rates
by applying CPT light fields to a cloud of free-falling
laser-cooled 87Rb atoms in the NIST cold-atom CPT
clock apparatus (see details in [9, 10]). A magneto-optical
trap (MOT) is applied for 20 ms, followed by a 3 ms op-
tical molasses, to trap and cool about a million atoms
to 10 µK. The atoms are then allowed to free fall with
a static quantization magnetic field of 4.4 µT oriented
parallel to the CPT beam propagation direction. Dur-
ing the free-fall, a CPT interaction is formed with the
σ+ − σ− polarization configuration to the F ′ = 2 level
[11] to achieve high-contrast CPT resonances, as shown
in Fig. 1.A. The two light-field frequencies (with equal
intensity) are obtained by passing the beam from a dis-
tributed Bragg reflector laser through an electro-optic
modulator (EOM) driven at about 6.835 GHz which is
the 87Rb ground-state hyperfine splitting. The EOM is
driven by a RF synthesizer, and the carrier and the (−1)-
order side-band are used as the two CPT frequencies. We
used both standard Rabi CPT spectroscopy and Ramsey-
CPT spectroscopy [12] in this study. The Rabi CPT
spectroscopy is a measurement of the steady-state trans-
mission of the CPT beam reached at the end of a single
pulse vs. the frequency difference between the CPT fields
(the RF frequency driving the EOM). The Ramsey-CPT
method is applied by sending two CPT laser pulses of
duration τ1, τ2 separated by a dark-period of duration
T and measuring the transmission of the short second
pulse, as shown in Fig. 1.B. The experimental setup we
use to apply the σ+ − σ− configuration and measure the
transmission of the second CPT pulse is shown in Fig.
21.C.
The transmission of the second Ramsey-CPT pulse re-
flects the phase difference accumulated between the RF
synthesizer and the atomic oscillator which in this case
is a coherent dark state with a phase oscillating at the
ground-state hyperfine splitting frequency. The Ramsey
fringe pattern results from scanning this phase difference
by scanning the RF synthesizer’s frequency while mea-
suring the second pulse transmission. The amplitude of
the Ramsey fringes is proportional to the fraction of the
atoms that occupy the dark state. By tracing the Ramsey
fringe amplitude under different experimental conditions,
the dynamics of pumping atoms into the dark state, as
well as dark-state decay can be monitored. In section
III, a measurement of the pumping into the dark-state is
presented and its influence on the light shifts in Ramsey
spectroscopy is presented in section IV. The decay rate
of the dark state is studied in section V.
III. MEASUREMENT OF THE DARK-STATE
PUMPING RATE
When a CPT light field is applied to an atom in an
incoherent quantum state, the atom is optically pumped
into a coherent dark state. The atom is driven into an ex-
cited electronic configuration by the CPT field and sub-
sequently spontaneously decays into the ground state.
Since the dark state does not couple to the CPT field
and other states do, the atomic population is eventu-
ally driven into the dark state. The rate of this process
depends on the properties of the CPT field and on the
properties of the atom, including the internal electronic
structure, the optical coupling strength and the decay
rates within the atom. This process of pumping into the
dark state is usually described by a single exponential
pumping rate Γp, and for a three-level system the pump-
ing rate is given by [13–15]:
Γp =
1
4
|Ω1|
2 + |Ω2|
2
γopt
. (1)
The CPT-field Rabi frequencies are given by Ω1 =
d31E1/~ and Ω2 = d32E2/~ for the transitions |1〉 ↔ |3〉
and |2〉 ↔ |3〉, respectively (d31 and d32 are the reduced
matrix elements of the dipole moments for these transi-
tions) and γopt is the rate of decoherence of the optical
transitions |1〉 ↔ |3〉 and |2〉 ↔ |3〉 (γopt = γ/2 for pure
spontaneous relaxation where γ is the upper level decay
rate).
A more realistic and complex structure of the atoms, as
well as more complex polarization configurations (σ+ −
σ−, lin || lin) might affect the pumping rate into the dark
state and in-turn influence other properties of the CPT
resonances including their light shift. For this purpose,
a quantitative measurement of the pumping time into
the dark state was performed by tracking the amplitude
of the Ramsey fringes for different durations of the first
FIG. 1. A: Energy-level scheme of 87Rb D1 transition and
the σ+ − σ− CPT configuration. The levels associated with
the three-level model are denoted |1〉, |2〉 and |3〉. B: The
timing sequence of Ramsey-CPT interrogation. A first CPT
pulse of duration τ1 is applied to the atoms (typically up to
1 ms), driving them to a coherent superposition of two levels
(dark-state). The atoms then evolve in the dark for a dura-
tion of T (dark-period, typically a few milliseconds). After
the dark-period, a short second CPT pulse is applied (∼ 50
µs), and its transmission effectively measures the phase dif-
ference between the atomic oscillator and the RF synthesizer.
C: The experimental setup. Laser light is modulated by an
electro-optic modulator (EOM) driven by a RF synthesizer to
produce equal-intensity CPT bands. The light then impinges
on a cloud of laser-cooled 87Rb atoms in free-fall (cooling ap-
paratus not shown) with σ+ polarization, passes through a
quarter wave-plate (λ/4), retro-reflected by a mirror (M) and
passes again through the atoms with σ− polarization. The
mirror is positioned to match the phases of the dark-states
created by the ongoing and reflected beams. A beam-splitter
(BS) is used to measure the reflected beam on a photo-diode
(PD).
CPT pulse in the Ramsey cycle (τ1). Figure 2 depicts
a set of measured Ramsey fringes with τ1 in the range
30 − 750 µs (curves shifted vertically for clarity). All
other experimental parameters, including T = 4 ms and
τ2 = 50 µs, were kept constant. As τ1 increases in this
range, the amplitude of the Ramsey fringes grows. This
is a signature of the pumping process of the atoms into
the dark-state which we use here to measure the dark
state pumping rate.
Figure 3 presents normalized Ramsey fringe amplitudes
as a function of the pumping pulse duration for differ-
ent CPT laser total intensities. For each intensity, the
measurements show the gradual pumping into the dark
state. By fitting an exponential curve to the measure-
ments (solid lines) the 1/e pumping rate for each inten-
sity is extracted. The inset of Fig. 3 shows the mea-
sured 1/e pumping rate into the dark-state vs. the CPT
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FIG. 2. Measured Ramsey fringes (dots) for different CPT
preparation pulse duration (τ1) with CPT beam intensity of
1.33 W/m2 and fits to a sinusoidal function (thin solid lines).
The curves are vertically shifted for clarity. For each prepa-
ration pulse duration, a set of Ramsey measurements was
performed versus the frequency detuning between the two
CPT fields, resulting in a Ramsey fringes pattern in the sec-
ond CPT pulse transmission. The amplitude of the Ramsey
fringes is proportional to the fraction of the atoms that are in
the dark-state when the second CPT pulse is applied. As the
preparation pulse duration is increased in the range 30− 750
µs, the amplitude of the Ramsey fringes increases due to the
pumping of a larger fraction of the atoms into the dark-state.
beam intensity (asterisks), as well as the predicted pump-
ing rate from the three-level analytic formula (solid line).
The three-level formula takes into account the three lev-
els denoted by |1〉, |2〉 and |3〉 in Fig. 1.A and assumes
only σ+ radiation. As expected from Eq. (1), the mea-
sured pumping rates exhibit a linear dependence on the
intensity (dashed-line). However, the measured pumping
rate is about one order of magnitude smaller than pre-
dicted by three-level model that leads to Eq. (1). We
attribute this discrepancy to the full Zeeman structure
of the atom combined with the complex scheme involved
in a σ+ − σ− polarization interrogation. We note that
using the measured pumping rates presented here, we
observed an improved agreement between the theory for
off-resonant light shifts and experimental measurements
[15]. In [12], measurements of the dark-state pumping
rate for Cesium vapor in cells with buffer gas are pre-
sented using the lin ⊥ lin configuration, also showing a
slower rate compared to the formula in Eq. (1) [16].
To verify that the multi-level Zeeman structure is the
main cause for the discrepancy from the analytic for-
mula, we solve a 13-level numerical model and simulate
the pumping process into the dark-state. The model con-
tains all the Zeeman manifold of levels F=1, F=2, F’=2
of the 87Rb D1 transition (13 levels). We apply reso-
nant light fields with σ+ and σ− polarizations for both
F = 1 → F ′ = 2 and F = 2 → F ′ = 2 transitions,
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FIG. 3. Ramsey fringe amplitude vs. pumping time for
different CPT beam intensities. The symbols show the mea-
sured Ramsey fringes amplitude (normalized for clarity) vs.
the first CPT pulse duration τ1 for different CPT laser beam
intensities. The solid curves are a fit to an exponential func-
tion. As expected, at higher intensities the pumping rate into
the dark state is higher. The inset shows the measured expo-
nential pumping rate (asterisks) vs. the CPT beam intensity
along with the expected rate from the three-level analytic
formula (Eq. (1), solid line). The measured pumping rates
depend linearly on the intensity, however there is about a fac-
tor of ten discrepancy from pumping rate expected from the
three-level formula. Also shown in the inset are the prediction
of a 3-level numerical model (triangles) and a 13-level numer-
ical model (squares), showing that most of the discrepancy
can be explained by the multi-level Zeeman structure of the
atom.
taking into account the Zeeman shift within the ground-
state. We use the density matrix formalism and numeri-
cally solve its dynamic evolution, introducing decay using
Lindblad operators. Due to the cooling process, the ini-
tial conditions assume that all the Zeeman sub-levels of
the F=2 level are equally populated without any coher-
ence. Figure 4 shows the dark-state pumping curve cal-
culated by this numerical model (dashed line), as com-
pared with our experimental measurements (triangles)
and the rate predicted by Eq. (1) (solid line). The 13-
level model agrees with the experimental pumping rate
within ∼ 30%. We also used the same numerical model
to simulate a 3-level model and found that it agrees well
with Eq. (1) (circles in Fig. 4).
The inset of Fig. 3 shows the dark-state pumping rate
vs. the CPT beam intensity for both the 3-level (trian-
gles) and the 13-level (squares) numerical models. While
the 3-level model agrees well with the 3-level analytic for-
mula, the 13-level model shows a reasonable agreement
with the experimental results (within ∼ 30%). We at-
tribute the part of the discrepancy to the fact that the
pumping process is not purely exponential, as can be see
by the deviation form the exponential fits in Fig. 3.
40 50 100 150 200 250 300 350 400 450 500
Time [ s]
0
0.2
0.4
0.6
0.8
1
D
ar
k-
st
at
e 
fra
ct
io
n 
[ar
b. 
un
its
]
Typical
error
Experimental measurement
3-level formula
13-level numerical model
3-level numerical model
FIG. 4. The measured dark-state pumping curve for a CPT
beam intensity of 1.33 W/m2 and a comparison to various
models. The experimental pumping rate (triangles) is a fac-
tor of ten slower than predicted by the 3-level analytic for-
mula (Eq. (1), solid line). In the 13-level numerical model
(dashed line) the dark-state fraction is obtained by finding
the absolute value of the density-matrix coherence term be-
tween the two levels of the clock transition (|F = 1;mF = 0〉
and |F = 2;mF = 0〉). The 13-level numerical model shows
a reasonable agreement with the measurements using no fit
parameters. A 3-level numerical model (circles) reproduces
the results of the analytic formula.
IV. THE EFFECT OF THE PUMPING RATE
ON LIGHT-SHIFTS
The slower pumping rate into the dark-state might
influence measurements utilizing these unique quantum
states. For example, in an atomic clock utilizing Ramsey-
CPT spectroscopy [12, 13] the light-shift is related to the
rate at which the atomic population is pumped into the
dark-state [13]. In [13, 17] a three-level theory is pre-
sented, predicting the light shift in the central fringe of
a Ramsey-CPT spectroscopy. Using the notation of [17]
the angular phase-shift of the central Ramsey-CPT fringe
φ (where φ/T is the frequency shift) is given by:
tan(φ) ∝
e−ατ1
1− e−ατ1
sin(βτ1), (2)
where
α =
1
2
Ω2γ
γ2 + 4δ2
;β =
1
2
Ω2δ
γ2 + 4δ2
, (3)
Ω2 = |Ω1|
2+ |Ω2|
2 and δ is the one photon detuning. We
used the Ramsey-CPT spectra measurements presented
in Fig. 2 to find the light-shift of the central Ramsey-
CPT fringe for different pumping durations. We note
that we previously measured this shift in an alternative
method, by locking an atomic clock on the central fringe
and measuring the shift of the clock [10], and the two
measurements are consistent. Figure 5 shows the results
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FIG. 5. The measured light-shift of the central fringe (cir-
cles) using Ramsey-CPT spectroscopy with T = 4 ms vs. the
duration of the first CPT pulse τ1. The theoretical formula
for the light shift [13] (dashed line) predicts a faster reduc-
tion in the light shift with the increase in the pumping pulse
duration compared wit the experiment. By correcting the
theoretical formula using the pumping rate deduced from the
13-level model (solid line) a good fit to the measurement is
obtained.
of this measurement (circles), demonstrating the drop in
the light shift when the pumping duration increases, as
expected by theory [13, 17] and observed previously [10].
The theoretical formula (Eq. (2)) deviates substantially
from the experimental results (dashed line in Fig. 5).
However, by replacing the pumping rate Ω2 by the rate
calculated from the 13-level numerical model described
above, a good fit to the experimental data is obtained
(solid line in Fig. 5)
V. MEASUREMENT OF DARK-STATE DECAY
The Ramsey fringe amplitude is a measure of the dark-
state population in the atomic ensemble (see section III)
and can also be used to monitor the decay of the dark
state. The decay of the dark-state in the atomic ensemble
can originate from internal processes in an atom (natural
decoherence, collisions) as well as from external processes
(dephasing between the dark states of different atoms in
the ensemble, motion of the atoms out of the probing
region). Figure 6 depicts a measurement of the Ramsey
fringe amplitude vs. the total time from the beginning of
the first CPT pulse to the beginning of the second CPT
pulse, τ1+T . In one measurement (squares) we keep the
dark-period constant at T = 4 ms and increase the pump-
ing duration τ1 up to 10 ms. After the initial increase in
the Ramsey fringe amplitude (examined in details in sec-
tion III), the amplitude decreases as the pumping time
is further increased, demonstrating the ensemble’s dark-
state decay. In another measurement (circles) we keep
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FIG. 6. Decay of Ramsey-fringe amplitude at long pumping
durations and dark periods. The graph shows the measured
Ramsey fringes amplitude vs. the total time from the begin-
ning of the first CPT pulse to the beginning of the second
CPT pulse (T + τ1). In one measurement (squares) the dark-
period was kept constant (T = 4 ms) and the CPT pumping
pulse duration was scanned in the range τ1 = 0.1 − 10 ms.
In the second measurement (circles) the CPT pumping pulse
duration was kept constant (τ1 = 3 ms) and the dark period
was scanned in the range T = 2 − 12 ms (the inset shows
the measured Ramsey fringes for this case with T = 2, 4, 8, 12
ms). It is evident that the decay rate depends dominantly on
the total time from the MOT shutoff (and not on the time
from the end of the CPT pumping pulse). This fact suggests
that the dominant decay mechanism is the mechnical motion
of the atoms out of the probing region (rather than decay of
their quantum state).
the pump duration constant at τ1 = 3 ms and scan the
dark period in the range T = 2 to 12 ms, showing a
decrease in the fringe amplitude as the dark-period in-
creases (the inset of figure 6 shows the measured Ramsey
fringes for T = 2, 4, 8, 12 ms). In both measurements
the decay of the dark-state in the atomic ensemble is ap-
parent. However, the decoherence process starts to take
effect only after the first CPT pulse is over (during the
pumping pulse any decoherence is immediately compen-
sated by the faster dark-state pumping process). The
similarity of the decay rates in the two measurements
suggests that the decoherence is negligible. The univer-
sal dependence of the amplitude on the total time since
the cooling light shut off (τ1 + T ) suggests that the mo-
tion of the atoms out of the CPT beam is the dominant
decay mechanism (since that depends only on the time
since cooling light shut off, and not on the timing of the
pumping CPT pulse).
In order to verify that the decoherence of the dark-state
is indeed negligible, we have measured the CPT reso-
nance line-width at various experimental conditions, in
order to calculate the effective natural line-width of the
CPT resonance. Figure 7 depicts the measured CPT res-
onances at three different intensities of the CPT beam
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FIG. 7. The CPT resonance line-shape at different CPT
intensities. The transmission of the first Ramsey pulse (at
times longer than the CPT pumping time) is measured while
scanning the frequency difference of the two CPT fields (dots).
By fitting the experimental data to a Voigt profile (solid lines)
the line-width of the CPT resonance is measured (as expected
the line-shape is nearly a pure Lorentzian). The inset shows
the measured full-width at half-maximum (FWHM) vs. the
CPT intensity. As expected, a linear power broadening curve
is observed, and the y-axis intercept is the power-broadening-
free FWHM.
(dots) fitted by a Voigt profile (solid lines). The inset of
Fig. 7 shows the measured power-broadening of the CPT
resonance, which shows a linear dependence of the CPT
resonance full-width at half-maximum (FWHM) on the
CPT beam intensity. The y-axis intercept of this power
broadening curve is the power-broadening-free width.
The measured width of the CPT resonance is also broad-
ened due to the finite duration of the CPT pulse (Fourier
broadening). By repeating this measurement for differ-
ent CPT pulse durations (in the range from τ1 = 1 − 10
ms), the Fourier broadening was also subtracted. Fi-
nally we found that the natural CPT line-width (power-
broadening free and Fourier-broadening free) was 6± 20
Hz. This result verifies the long coherence time of the
atomic dark-state.
VI. DISCUSSION
In conclusion, we have measured the pumping rate and
the decay rate of a dark-state in an ensemble of cold
87Rb atoms using a cold-atom CPT appartus. We found
that the pumping process into the dark-state is about
ten times slower than expected by the commonly used
three-level analytic formula (Eq. (1)), which can dra-
matically affect systematic evaluations of the light shift
in precision measurements. We attribute this discrep-
ancy to the more complex interaction of a multi-level
6atom in the σ+−σ− polarization configuration compared
with a three-level formula. We demostrated that a 13-
level numerical model shows better agreement with the
experimental results. When using the pumping rates cal-
culated by the 13-level numerical model in the Ramsey-
CPT light-shift formula [13, 17] we obtain a good agree-
ment with experimental measurements of the shift of the
central Ramsey-CPT fringe. We also measured the de-
cay of the dark-state in the atomic ensemble and found
that in our setup it is dominated by the mechanical mo-
tion of the atoms out of the probing region. The natural
CPT line-width, without power-broadening and Fourier-
brodening, was measured to be 6±20 Hz, demonstrating
the long coherence time of dark states in free-falling cold
atoms.
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